Background: Assembly of the 54S subunit of yeast mitochondrial ribosomes is assisted by two GTPases encoded by MTG1 and MTG2. Result: Processing of the 15S rRNA precursor is blocked in mtg3 mutants. Conclusion: MTG3 codes for a putative GTPase that regulates processing and assembly of the 15S rRNA precursor. Significance: The pathways for biogenesis of fungal mitochondrial and bacterial ribosomes employ conserved GTPases.
SUMMARY
Very little is known about biogenesis of mitochondrial ribosomes. The GTPases encoded by the nuclear MTG1 and MTG2 genes of Saccharomyces cerevisiae have been reported to play a role in assembly of the ribosomal 54S subunit. In the present study biochemical screens of a collection of respiratory deficient yeast mutants have enabled us to identify a third gene essential for expression of mitochondrial ribosomes. This gene codes for a member of the YqeH family of GTPases, which we have named MTG3 in keeping with the earlier convention. Mutations in MTG3 cause the accumulation of the 15S rRNA precursor, previously shown to have an 80 nucleotide 5' extension. Sucrose gradient sedimentation of mitochondrial ribosomes from temperaturesensitive mtg3 mutants grown at the permissive and restrictive temperatures, combined with immunobloting with subunit-specific antibodies, indicate that Mtg3p is required for assembly of the 30S but not 54S ribosomal subunit. The respiratory deficient growth phenotype of an mtg3 null mutant is partially rescued by overexpression of the Mrpl4p constituent located at the peptide exit site of the 54S subunit. The rescue is accompanied by an increase in processed 15S rRNA. This suggests that Mtg3p and Mrpl4p jointly regulate assembly of the small subunit by modulating processing of the 15S rRNA precursor. _____________________________________
The gene products of the mitochondrial genome in Saccharomyces cerevisiae are translated on endogenous ribosomes that share many characteristics with prokaryotic ribosomes (1) . Mitochondria also contain their own translational initiation, elongation and translation factors, and a complete set of tRNAs (2) and aminoacyl-tRNA synthetases, which with a few exceptions, are distinct from their cytoplasmic counterparts (3) . The exceptions are aminoacyl-tRNA synthases that are encoded by a single gene and which, following translation on cytoplasmic ribosomes, are targeted by different mechanisms either to the cytosol or to mitochondria (4, 5) .
Mitochondria code for the endogenous tRNAs, the two ribosomal RNAs and the Var1p protein of the small ribosomal subunit (6) . All the other components of the mitochondrial translational system are products of nuclear genes (7) . Mitochondrial ribosomes assemble from components that are expressed from compartmentally separated genes. Expression and subsequent import of ribosomal proteins into the matrix compartment of mitochondria must, therefore, be coordinately regulated with transcription of the two rRNAs encoded in the organellar genome.
Virtually nothing is known about the biogenesis of mitochondrial ribosomes. Recent evidence suggests that assembly intermediates of mitochondrial ribosomes are associated with the inner membrane (8) . However, the temporal sequence of ribosomal proteins association with the rRNAs is not known. Not unlike prokaryotic (9) or cytoplasmic eukaryotic ribosomes (10), assembly of mitochondrial ribosomes is a proteinassisted process. Two nuclear genes of S. cerevisiae, MTG1 and MTG2 have been shown to be essential for assembly of yeast mitochondrial ribosomes. MTG1 codes for a member of the YIqF GTPase family that has been implicated in assembly of the mitochondrial large ribosomal subunit (11). Mutations in MTG2 have also been shown to abolish mitochondrial translation (12). The product of this gene is a member of the Obg GTPase family that binds to the large ribosomal subunit and is likely to function in its assembly.
The involvement of MTG1 in assembly of mitochondrial ribosome emerged from an analysis of mutants deficient in the respiratory chain and the ATP synthase complexes. Such mutants constitute the most abundant phenotypic class in a collection of yeast pet mutants (13). Biochemical screens of these mutants have been useful in identifying gene products with functions in translation and ribosome assembly. In this communication we present evidence that the product of MTG3, a widely distributed and conserved member of the YqeH family of GTPases is essential for assembly of the small subunit of mitochondrial ribosomes. More specifically, we propose that Mtg3p, jointly with the Mrpl4p component of the 54S subunit, functions in regulating processing of the 15S rRNA precursor. This could provide a mechanism for coordinating a balanced expression of the two ribosomal subunits in yeast mitochondria.
EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions -
The genotypes of the strains of S. cerevisiae used in this study are described in Table 1 . The mtg3 mutant, N241, was obtained by mutagenesis of the respiratory competent haploid D273-10B/A1 strain with nitrosoguanidine and was assigned to complementation group G117 (13). Yeast strains were maintained in YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar) or YEPG (1% yeast extract, 2% peptone, 3% glycerol, 2% ethanol, 2% agar). Mitochondria were prepared from cells grown to early stationary phase in liquid YPGal (2% galactose, 2% peptone and 1% yeast extract). (14) except that Zymolyase 20T instead of Glusulase was used to convert cells to spheroplasts. The mitochondria were washed 4 times with buffered 0.6M sorbitol. Submitochondrial particles were prepared by sonic irradiation of mitochondria at a protein concentration of 10 mg/ml 0.6M sorbitol for 5 seconds with a Branson microprobe at maximum output. The suspension was centrifugation at 105,000 x g av for 20 min and the pellet consisting of submitochondrial membrane vesicles (SMP) was suspended in the starting volume of the same buffer.
Preparation
Ribosomes were extracted by addition to mitochondrial suspensions at a protein concentration of 20 mg/ml of 0.14 volumes of 7x AMT (3.5 M ammonium acetate, 70 mM Tris-Cl, pH 7.5, 70 mM MgCl 2 and 42 mM β-mercaptoethanol) and 0.1 volume of 10% potassium deoxycholate, pH 8. The partially solubilized mixture was centrifuged at 16,000 x g av for 10 min and the supernatant was layered over 4.5 ml of 50% sucrose in 1x AMT. Ribosomal subunits were pelleted by centrifugation at 165,000 x g av for 17 hours. They were suspended in 0.2 ml of AMT and layered on top of 4 ml of 10-30% linear sucrose gradient in AMT buffer. The gradients were centrifuged at 370,000 x g av for 75 min at 4 o C in a Beckman SW60Ti rotor and were fractionated with a Brandel gradient collector connected to a continuous flow spectrophotometer. Cytoplasmic ribosomes were obtained by first centrifuging the post-mitochondrial supernatant fraction for 10 min at 26,000 x g av . The supernatant was then centrifuged for 30 min at 200,000 x g. The pellet consisting mainly of cytoplasmic ribosomal subunits was dissolved in AMT and separated on sucrose gradients as described above.
Extraction of Mitochondrial RNAMitochondria at a protein concentration of 20 mg/ml were solubilized in an equal volume of a buffer containing 1% SDS, 200 mM NaCl, 20 mM Tris-Cl, pH 7.5 and 0.5 mM EDTA and immediately extracted with an equal volume of water-saturated phenol. The water phase was washed one time with ether and nucleic acids were precipitated with 3 volumes of ethanol, rinsed several times with 80% ethanol and dried. (Fig. 1A) . Cultures of N241 consist of approximately 80% ρ -and ρ o mutants with large deletions or a complete absence of mtDNA, respectively. Mitochondrial genome instability is one of the hallmarks of strains defective in mitochondrial protein synthesis (25). N241 has a deficit of 15S rRNA, which was consistent with the inability of the mutant to incorporate 35 Smethionine into mitochondrial gene products (not shown). Because of the high percentage of ρ -and ρ o mutants in vegetatively grown cultures it could not be excluded that the deficiency of 15S rRNA and the translational defect were secondary effects caused by the extensive loss of the wild type mitochondrial genome in the N241 mutant. To gain a better understanding of its function, the gene defined by complementation group G117 was cloned by transformation with a yeast genomic plasmid library of aN241/U6, a derivative of N241. Subcloning of the nuclear DNA insert in the plasmid pG117/T1, isolated from a respiratory competent transformant, indicated that the respiratory defect of aN241/U6 was rescued by reading frame YOR205C located between coordinates 727234 to 725564 on chromosome XV. Growth of aN241/U6 on glycerol and ethanol as carbon sources was restored by pG117/ST5, which contained the entire reading frame plus flanking sequence ( Fig. 2A) . The failure of the shorter BamH1 fragment of pG117/ST4 with only part of the reading frame to complement the mutant confirmed that the complementing gene was YOR205c ( Fig. 2A ). This gene codes for a member of the YqeH GTPase protein family found in fungi and bacteria (Fig. 1C) . In keeping with the nomenclature adopted previously for naming genes coding for GTPases that function in expression of the mitochondrial translation system (11, 12), we propose MTG3 (mitochondrial GTPase) as a name for this gene.
Cloning and Disruption of MTG3 -
A polyclonal rabbit antibody against an Mtg3p fusion protein recognized a 60 kDa protein in wild type mitochondria but not in an mtg3 null mutant (see below). The identity of this protein as Mtg3p was confirmed by the enhanced signal observed in a strain harboring MTG3 on a multicopy plasmid (Fig. 1D ). The protein was not detected in the post-mitochondrial supernatant fraction consisting of cytosolic proteins (not shown) and remained associated with submitochondrial particles (SMP) after sonic disruption of mitochondria. Mtg3p was only partially extracted with KCl alone and more completely extracted by a combination of deoxycholate and KCl (Fig. 1E) . A comparison of mitochondria and mitoplasts (mitochondria with ruptured outer membranes) indicated that Mtg3p was protected against proteinase K in both, indicating that it faces the matrix compartment (Fig. 1F ). These data indicated that Mtg3p is associated with the mitochondrial inner membrane, facing the matrix compartment.
The yeast LEU2 gene was inserted in the BglII site of MTG3 in pG117/ST5. The mtg3::LEU2 disrupted allele was substituted for the wild type gene in the respiratory competent haploid strain W303 in both mating types (Fig.  2B ). W303ΔMTG3 and aW303ΔMTG3 are respiratory deficient recombinant clones obtained from the transformation (Fig. 2B ). Both were verified by Southern hybridization to have the disrupted mtg3::LEU2 allele and were not complemented by aN241/U6 or N241. The lack of complementation lends further support for the presence of an mtg3 mutation in N241. Mutants with the disrupted mtg3 allele produce even more ρ -and ρ o mutants (80-90%) than the point mutant.
Phenotype of mtg3 Temperature-Sensitive Mutants -Generally, the degree of mtDNA instability in mitochondrial translation defective mutants is related to the severity of reduction of this activity. Temperature-sensitive mutants tend to be sufficiently leaky to preserve a large percentage of ρ + cells, even when they are grown at the restrictive temperature (27). Temperature-sensitive mtg3 mutants were obtained by PCR amplification of MTG3 under mutagenic conditions. A library of the resultant products constructed in the centromeric plasmid YCplac22 was used to transform an mtg3 null mutant. Respiratory growth of three transformants, W303/MTG3ts-2, ts-3 and ts-6, was strongly compromised at 37 o C but not at 30 o C (Fig. 1B) . The percentage of ρ -and ρ o cells in cultures of the mtg3 ts mutants was 50%, even when grown at the non-permissive temperature.
Mitochondrial gene products were labeled in vivo in the presence of cycloheximide in an mtg3 ts mutant that had been grown at 24 o C or 37 o C (Fig. 3) . The results of these assays indicated that mitochondrial translation in the ts mutant grown at 24 o C was nearly as efficient as in the wild type parental strain, independent of whether this activity was measured at 24 o C or 37 o C (Fig. 3) . In contrast, translation was almost completely abolished when the mutant was both grown and assayed at the non-permissive temperature (Fig. 3) . The ts mutants also enabled us to assess if the mutation acted on translation directly or indirectly by affecting biogenesis of the translational machinery.
To distinguish between these two possibilities, the ts mutant grown at 24 o C was incubated for 1 or 4 hours at 37 o C before being assayed at 37 o C. Under these conditions no appreciable difference in labeling of the translation products in the mutant and wild type was evident after incubation for 1 hour at 37 o C (Fig. 3) . The longer 4 hours incubation at 37 o C, however, led to some decrease in translation. This may have been due to a dilution of the functional translation machinery as a result of cell division at the nonpermissive temperature. It is interesting that Cox1p and Cox2p were the most severely affected. The differential effect of mutant growth at 37 o C on these two products may indicate that initiation of translation of their mRNAs may be less efficient when ribosomes are limiting.
Presence of 54S Mitochondrial Subunit in the mtg3
Mutants -The results of the in vivo translation assays suggested that Mtg3p was likely to function in some aspect of ribosome assembly. This was further explored by sucrose gradient analysis of the 54S and 30S subunits of mitochondrial ribosomes in mtg3 mutants. In interpreting the results of the sucrose gradients it is important to bear in mind that while the sedimentation properties of the 54S and 60S subunits of yeast mitochondrial and cytoplasmic subunits, respectively, are sufficiently different to be distinguished (Fig. 4A) this is more problematic in the case of the small mitochondrial and cytoplasmic subunits.
Sucrose gradient sedimentation of mitochondrial ribosomes from a temperature sensitive mtg3 strain grown at 30 o C revealed a normal profile consisting of the 54S large and 30S small subunits (Fig. 4B) . Ribosomal extracts of mutants grown at 37 o C, however, separated into two peaks in the large subunit region that sedimented similarly to the mitochondrial 54S and cytoplasmic 60S large subunits. The ratio of the 60S to 54S subunit was higher in the ts mutant grown at the restrictive temperature (53% ρ + cells) than when the mutant was grown at the permissive temperature before being shifted for 4.5 hours to the restrictive temperature (83% ρ + cells). This ratio was also high in the mtg3 null mutant (18% ρ + cells). The proportion of cytoplasmic relative to mitochondrial components in ribosomal extracts of different mitochondria was assessed from their rRNA compositions. When adjusted to mitochondrial protein, approximately equivalent amount of cytoplasmic 25S and 18S rRNAs was found to be present in all the strains including wild type. In contrast, the mitochondrial 21S rRNA was reduced in all the mutants except in the ts mutant grown at permissive temperature (Fig. 4C) . Moreover, the mtg3 ts mutants had a thermosensitive deficit of 15S rRNA (Fig. 4C) . Interestingly, both the ts mutant grown at the restrictive temperature and the mtg3 null mutant had a novel RNA band that migrated slightly above the position of the 15S rRNA (15S pre-rRNA in Fig. 4C ). Evidence that this RNA is the 15S rRNA precursor will be discussed in a later section.
The apparent enrichment of cytoplasmic large subunit in mitochondria of the mtg3 mutant compared to wild type is deceptive. Whereas in wild type the presence of cytoplasmic large subunits is obscured by the more abundant mitochondrial large subunit, the reduction of mitochondrial 54S subunit in the mutants has an unmasking effect giving the appearance of an increase in cytoplasmic 60S subunit. The already indicated poorer resolution of the mitochondrial and cytoplasmic small subunits, makes it difficult to distinguish them, particularly when a substantial fraction consists of the cytoplasmic small subunit. The slow sedimenting material in the mtg3 mutants was not always observed and is unlikely to be a partially assembled small subunit in view of the almost complete absence of the 15S rRNA in the mutants.
Sedimentation of large and small subunit proteins in sucrose gradients
The deficit of the 15S rRNA in the mtg3 ts mutant grown under restrictive conditions and previous evidence implicating theYqeH GTPase of Bacillus subtilis in assembly of the 30S ribosomal subunit (29, 30) suggested that Mtg3p might play a similar role in yeast mitochondria. This was also consistent with detection of normal sedimenting 54S subunit in the different mtg3 mutants examined. The effect of the mtg3 null mutation on the small and large ribosomal subunits of mitochondria was further examined by Western analysis of protein markers for the each of the two subunits following separation on sucrose gradients.
Ribosomes extracted from the mtg3 mutant and purified by sedimentation through a sucrose cushion were separated on a sucrose gradient. The gradient was collected in 12 equal size fractions, which were analyzed for the large and the small subunit proteins, Mrpl1p and Mrp10p, respectively. As a control, the ribosomal extract of wild type mitochondria was mixed with cytoplasmic ribosomes prior to sedimentation in the sucrose gradient to attain a ratio of similar to that of the mtg3 ts mutant. This gradient showed the expected Mrpl1p peak in the region corresponding to the mitochondrial 54S large subunit and of Mrp10p in the region of the 30S subunit (Fig. 5A) . A similar distribution of Mrpl1p was observed in the sucrose gradient of ribosomes from the mtg3 mutant. However, no Mrp10p could be detected in the gradient of the mutant (Fig. 5B) . The largest particle in the gradient of the mutant (Fig. 5B, see also Fig. 4) corresponding to the 60S large subunit of cytoplasmic ribosomes did not contain the mitochondrial Mrpl1p marker. This is more evident in a sample of mitochondrial ribosomes obtained from a culture of the mtg3 null mutant that had a larger percentage of ρ -/o mutants and therefore less of the 54S mitochondrial relative to the 60S cytoplasmic subunit (Fig. 5C) . The Mrpl1p marker in this sample is confined to the mitochondrial 54S subunit, which is present at lower concentration than the 60S subunit.
The absence of mitochondrial 30S subunit in the mtg3 mutant is also supported by the low ratio of the 54S plus 60S subunit peak to 30S + 40S peak in the mutant compared to the wild type, which had a similar mixture of mitochondrial and cytoplasmic ribosomes (Fig. 5B vs. 5A ).
MRPL4 is a multicopy suppressor of the mtg3 null mutant -The mtg3 null mutant has a clear negative growth phenotype on rich ethanol/glycerol medium (Fig 1B) . Transformation of the mutant with a multicopy plasmid library of yeast genomic DNA produced revertants, one of which was ascertained to contain a plasmid (pSG117/T16) with a fragment of nuclear DNA containing the region of chromosome XII from CAR2 to SIR3 (Fig. 6A) . The revertant phenotype co-segregated with the plasmid confirming the presence of a suppressor in this genomic segment. The suppressor was identified to be MRPL4 by subcloning different regions of the pSG117/T16 insert. This gene codes for a mitochondrial ribosomal protein (Yml4) located near the exit site of the 54S subunit (32) . Rescue of the mtg3 mutant by MRPL4 is partial as evidenced by the slow growth on rich glycerol/ethanol at 30 o C (Fig. 6B ). Over-expression of MRPL4 elicited a substantial stabilization of mtDNA. Starting from a purified ρ + colony of the mtg3 mutant and of the trasnformant, the percentage of ρ -and ρ o mutants accumulated after 12-15 generations of vegetative growth was 84% and 8%, respectively. MRPL4 in high copy also partially restored translation of all the mitochondrial gene products except Cox1p and Cox2p (Fig. 6C) , similar to what was observed when the ts mutant, grown at the permissive and switched to the restrictive temperature for 4 hours, was assayed in vivo for mitochondrial proteins synthesis (Fig. 3) . Again, this may be explained by less efficient initiation of translation of the mRNAs for these two proteins under ribosome limiting conditions. The restoration of mitochondrial translation by Mrpl4p was accompanied by an increase of 15S rRNA relative to the novel slower migrating transcript (15S pre-rRNA in Fig. 6D and Fig. 6E, upper panel, for enlarged view) . The 15S rRNA is known to be transcribed with an 80 nucleotides long 5' extension, which is removed by a nuclease to generate the mature 5'-end (35, 36) . The 15S rRNA precursor accumulates in pet127 mutants as do precursor transcripts of cytochrome b (COB) and VAR1, which are also processed in their 5' regions (37, 38). The 5' end of the COB precursor is removed by an exonuclease (37) but it is not clear if maturation of this transcript and of the VAR1 and 15S rRNA precursor transcripts is by Pet127p itself (38-39).
To assess if the novel RNA in the mtg3 mutant is related to the 15S rRNA precursor, total mitochondrial RNA from the parental strain and the mtg3 mutant with and without the MRPL4 suppressor were analyzed by Northern hybridization with a 15S rRNA probe. The Northern confirmed that the probe hybridized to both the 15S rRNA and to the slower migrating 15S pre-rRNA transcript (Fig. 6E) . The results of the hybridization also indicated a weak hybridization signal at the position of the 15S prerRNA in wild type and a similarly weak 15S rRNA signal in the mtg3 mutant (Fig. 6E) .
Low-complexity ρ -mutants with the 15S rRNA gene have been shown to transcribe and process the 15S rRNA precursor, albeit at reduced efficiency (40) . When separated on agarose gels, mitochondrial RNAs of such mutants display two closely migrating transcripts corresponding to the precursor and the processed 15S rRNAs (39, 40) . Additional evidence that the novel transcript in the mtg3 mutant is the precursor form of 15S rRNA was sought by comparing the migration of the two 15S rRNA transcripts of mtg3 mutants and those of DS80, a ρ -mutant previously shown to have a mitochondrial genome containing only the 15S rRNA gene (41) . The identical migration of the 15S rRNA precursor of DS80 to the novel 15S rRNA-hybrizing band in the mtg3 mutant lends further support to their identity Fig. 6F ).
DISCUSSION
Biogenesis of eukaryotic cytoplasmic ribosomes, and, to a lesser extent of bacterial ribosomes, requires accessory proteins that promote maturation and folding of the RNA components, assembly of the protein constituents, and tuning of the overall process to the translational demands of the cell (9, (42) (43) (44) . Over 100 different protein factors have been shown to participate in the assembly of cytoplasmic ribosomes (10). Many of the steps in rRNA processing have been worked out but the functions of factors governing interactions of the protein components remain poorly understood. In recent years it has become evident that like their prokaryotic ancestors and cytoplasmic counterparts, biogenesis of mitochondrial ribosomes is also a protein-assisted process. At present the two nuclear genes MTG1 and MTG2, are known to function in assembly of mitochondrial ribosomes in S. cerevisiae (11, 12). Their products, Mtg1p and Mtg2p, are members of the RbgA/YiqF and GTP1-OBG GTPase families, respectively. The studies reported here indicate that the YqeH homologue encoded by reading frame YOR205C on yeast chromosome XII, here named Mtg3p, is also required for biogenesis of functional mitochondrial ribosomes.
MTG3 was isolated and identified by complementation of the respiratory deficient point mutant aN241/U6 with a yeast genomic plasmid library. Evidence that this gene is involved in ribosome assembly include 1) failure of the mtg3 point and null mutants to incorporate 35 S methionine and cysteine into the mitochondrial gene products and 2) temperature-shift experiments with mtg3 ts mutants indicating that while mitochondrial translation is blocked in cells grown at the restrictive temperature, cells that had been grown at the permissive temperature are able to translate equally well at both temperatures. This was also shown to be true of mtg1 ts mutants grown under similar conditions (11). These results constitute strong evidence that the translational defect of mtg3 mutants, like that of mtg1 mutants stems from the absence of a functional translation machinery.
Several lines of evidence indicate that Mtg3p functions in assembly of the 30S ribosomal subunit. Sucrose gradients sedimentation analysis of mitochondrial ribosomes revealed the presence in the mtg3 null mutant of Mrpl1p, a marker for the 54S subunit, with sedimentation properties similar to that of wild type. Mrp10p, a constituent of the 30S subunit, however, was not detected in the mutant, suggesting that Mtg3p functions in assembly of the small subunit. This is supported by the almost complete absence in mtg3 mutants of 15S rRNA and the accumulation of a novel RNA that hybridizes to a 15S rRNA probe and migrates identically to the 15S rRNA precursor (40) . The latter evidence suggests that Mtg3p is required to process the removal of 80 nucleotides from the 5' end of the precursor. Although mtg3 null and ts mutants grown at the non-permissive temperature displayed a reduction in the 54S subunit, this is related to the high percentage of ρ o/-cells in the strains. Lastly, YqeH, an Mtg3p homologue of Bacillus subtilis has also been implicated in assembly of the 30S but not the 50S ribosomal subunit of this organism (29, 30) . The bacterial protein has been shown to bind to 30S subunit (45) but its function in assembly has yet to be elucidated.
The above evidence indicates that the putative Mtg3p GTPase has a function distinct from that of Mtg1p, which based on earlier genetic evidence was implicated in assembly of the 54S subunit (11). This has been confirmed in the present study by sucrose gradient analysis of mitochondrial ribosomes in the mtg1 mutant (Fig.  S1 ) and is also supported by the reported requirement of the homologous RbgA/YiqF GTPase in assembly of the 80S subunit of Bacillus subtitlis (46, 47) .
Although mtg3 mutants have a strong tendency to sustain deletions in mitochondrial DNA some 10-20% of cells retain the full-length genome, even after several cycles of vegetative growth. As mutants completely blocked in mitochondrial translation are known to quantitatively convert to ρ o/-cells (25), the presence of a small but significant percentage of cells with normal mtDNA in cultures of the mtg3 mutants indicates that this activity, even though it is not detected in standard translation assays, is not totally absent. This is supported by the weak signal of mature 15S rRNA detected in the mtg3 null mutant, suggesting the presence of some functioning ribosomes. The level of assembled ribosomes in the mutant, however, is too low to permit even slow growth on non-fermentable carbon sources.
The mtg3 growth defect on respiratory carbon sources is partially suppressed by over-expression of the Mrpl4p, a constituent of the large subunit located near the exit tunnel. The rescue of growth is paralleled by a significant conversion of the 15S rRNA precursor to the mature RNA and an equally significant restoration of mitochondrial translation. This observation suggests that Mrpl4p may act as a signal for coupling assembly of the two ribosomal subunits. Signaling may involve an Mtg3/Mrpl4p dependent activation of the nuclease responsible for maturation of the 15S rRNA precursor. Alternatively, if assembly of the 30S subunit is initiated with the 15S rRNA precursor Mtg3p/Mrpl4p would affect maturation of 15S rRNA more indirectly by promoting formation of a processing competent 30S intermediate.
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*This research was supported by National Institutes of Health Research Grant HL02274 to AT and FAPESP and CNPq to MHB. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. (aW303ΔMTG3), and of the mtg3 point mutant transformed with MTG3 in the high copy plasmid pG117/T1 (aN241/U6/T1) were separated by SDS-PAGE on a 12% polyacrylamide gel, transferred to nitrocellulose and reacted with a rabbit polyclonal antibody against Mtg3p. E. Submitochondrial particles (SMP) were adjusted to 1M KCl. To one half of the suspension was added potassium deoxycholate (DOC) to a final concentration of 0.2% and centrifuged at 105,000 x g av for 20 min. The extracts and pellets, suspended in the starting volume of buffer, were separated by SDS-PAGE (22). The Western blot was treated with antibody against Mtg3p as in D. F. Mitochondria of the wild type strain W303-1A, prepared by the method of Glick and Pon (24), were converted to mitoplasts and equivalent samples of mitochondria (Mt) and mitoplasts (Mp) were incubated in the presence or absence of proteinase K (prot K). The samples were separated by SDS-PAGE, transferred to nitrocellulose and reacted with rabbit polyclonal against Mrp3p, α-ketoglutarate dehydrogenase (a marker for soluble matrix proteins), Sco1p (an inner membrane protein facing the intermembrane space), and cytochrome b 2 (a soluble intermembrane protein that is lost during the conversion of mitochondria to mitoplasts). FIGURE 5. Western analysis of large and small ribosomal subunits in wild type and the mtg3 null mutant. Mitochondrial and cytoplasmic ribosomes were prepared as described in the legend to Fig. 4A . A. Mitochondrial (85 μg) and cytoplasmic (70 μg) ribosomes from the wild type strain W303-1A were mixed and centrifuged in a sucrose gradient for 75 min. The gradients were collected in 12-13 equal size fractions of which 20 μl was separated by SDS-PAGE on a 15% polyacrylamide gel. Proteins were transferred to nitrocellulose and reacted with rabbit polyclonal antibodies against the large subunit proteins Mrpl1p and the small subunit protein, Mrp10p. The antibody against Mrpl1p but not Mrp10p consistently detects two closely migrating bands. The two bands detected with the antibody against Mrp10p in this experiment suggest that this protein may have been proteolytically clipped in the wild type extract. B. Mitochondrial ribosomes from the mtg3 null strain W303ΔMTG3 were fractionated and analyzed as in A. The culture used for isolation of mitochondria consisted of 77% ρ o/-mutants. C. Same as B, except that the culture used to isolate mitochondria had accumulated 91% ρ o/-mutants. Rescue of the mtg3 null mutant by subclone pSG117/ST1, containing only MRPL4, was similar to that observed with pSG117/T16. B. Serial dilutions of the wild type W303-1B, the mtg3 null mutant W303ΔMTG3 (ΔMTG3) and of the mutant harboring either pSG117/T16 (ΔMTG3/T16) or the empty plasmid YEp24 (ΔMTG3/YEp24) were spotted on YPD and YEPG plates and were incubated for 2 and 4 days, respectively. C. Mitochondria were prepared by the method of Herrmann et al. (31) from the wild type, mutant, and mutant transformed with pSG117/T16. The percentage of ρ -/o mutants in the cultures of the mutant and transformant were 84% and 8%, respectively. The mitochondria were labeled with a mixture of 35 S-methionine and 35 S-cysteine for 30 min as described previously (33) . After addition of puromycin to a final concentration of 100 μg/ml the mixture was incubated for another 10 min and separated by SDS-PAGE on a 17% polyacrylamide gel (22). D. Partial restoration of 15S rRNA in the mtg3 null mutant by MRPL4. Equivalent amounts of mitochondria prepared as in C were used to extract RNA. To normalize for the 21S rRNA, the volumes of RNA loaded on a 1% agarose gel were adjusted in the ratios 0.4:2:1 for the wild type, mutant and transformant, respectively. The mitochondrial and cytoplasmic rRNAs are identified in the margin (15S pre-rRNA refers to the novel RNA in the mutant and transformant). E. The RNAs of the gel shown in D were transferred to a nylon membrane and hybridized to a 15S rRNA double stranded DNA probe labeled by random priming (34) with α-32 P-deoxy-cytidine triphosphate (3,000 Ci/mmol). The same region, immediately adjacent to the 15S rRNA is shown in the upper panel (ethidium bromide stained gel) and the lower panel (radiolabeled bands in the Northern blot). F. The mitochondrial RNAs used in part E and a mitochondrial RNA extract of DS80 were separated on a 1% agarose gel and stained with ethidium bromide.
